Owing to the rapid movements of the human upper eyelid, a high-speed camera was used to record and characterize voluntary blinking and the blink dynamics of blepharoptosis patients were compared to a control group. Twenty-six blepharoptosis patients prior to surgery and 45 control subjects were studied and the vertical height of the palpebral aperture (PA) was measured manually at 2 ms intervals during each blink cycle. The PA and blinking speed were plotted with respect to time and a predictive model was generated. The blink dynamic was analysed in closing and opening phases, and revealed a reduced speed of the initial opening phase in ptotic patients, suggesting intrinsic muscle function change in ptosis pathogenesis. The PA versus time curve for each subject was reconstructed using custombuilt parameters; however, there were significant differences between the two groups. Those parameters used included the rate of closure, the delay between opening and closing, rate of initial opening, rate of slow opening (nonlinear function) and the 'switch point' between those two rates of opening. The model was tested against a new group of subjects and was able to discriminate ptosis patients from controls with 80% accuracy.
Introduction
Blepharoptosis, also known as 'ptosis', is characterized by abnormal drooping of the upper eyelid and affected individuals have difficulty raising their lids to the normal vertical palpebral aperture (PA) of about 9-12 mm [1] . Although there is ethnic variation in the PA, in particular, it is significantly smaller in Asian ethnic groups [2] , the severity of ptosis can be usefully measured by the PA.
Ptosis, which can be congenital or acquired, can affect one (unilateral) or both eyes (bilateral), and may be due to many different factors. The acquired form is most commonly observed as an age-related involutional change characterized by levator aponeurosis dehiscence, referred to as 'an aponeurotic ptosis' [3] . However, it can arise from a wide range of causes which include: trauma; mechanical effects, eyelid masses; neurological defects, such as third cranial nerve palsy or Horner's syndrome; or myogenic causes in diseases such as myotonic dystrophy or mitochondrial myopathy. In severe ptosis, the visual axis may be obscured by the eyelid causing functional blindness.
Myogenic and neurological causes of ptosis generally involve weakness of the levator palpebrae superioris (LPS) muscle that lifts the upper eyelid during opening. The precise mechanism for development of an aponeurotic ptosis is poorly understood, but has been suggested to arise from a disinsertion of the levator muscle from the tarsal plate [3] [4] [5] and would therefore, in theory, affect the blinking dynamics. At present, manual measurement of the PA height and the eyelid excursion ('LPS muscle function') are the sole determinants for diagnosing ptosis. This method also involves experienced judgements at early stages of the disease. Our limited knowledge of blinking dynamics in ptotic patients suggested that an & 2016 The Author(s) Published by the Royal Society. All rights reserved.
accurate and detailed analysis of the blink cycle could further our understanding of diseased blinking dynamics compared to normal eyes. In addition, appropriate modelling of the blink cycle may enable clinicians to diagnose ptosis more accurately and at an earlier stage, where the condition is less likely to be of concern to the patients. Subsequently, this can also provide avenues for monitoring and adequate treatment.
Characteristics of blink dynamics such as height of the PA, blink speed, duration and frequency vary significantly between healthy and affected groups, but no data have been published to compare the blink dynamics of patients with ptosis as compared with unaffected subjects. Blink dynamics have been studied by placing electrodes immediately above the eyebrow and below the lower eyelid, and amplifying these oculometric signals for offline analysis [6] . Static image analysis using a high-speed camera has also been used [7] . Also, other techniques, such as infrared-oculography [8] or a magnetic search-coil technique have been used to investigate the rapid blink movements [9] [10] [11] [12] .
In this work, a high-speed camera was used to record the voluntary motion of eye blinking in patients suffering from ptosis. For each blink cycle in individual patients, the images were analysed for central height of the PA as a function of time. A model was constructed to quantify the characteristics of ptotic blink dynamics, and the results compared with those for healthy subjects. Linear discriminant analysis (LDA) and Gaussian classification were used to discriminate between diseased and healthy subjects and the results could potentially improve clinical evaluation and provide a reliable method for the diagnosis and quantification of ptosis.
Experimental details

Subject selection
There is ethnic variability in facial structure, especially between Western and Oriental Asian faces, the dominant features of the Asian face being a significantly wider intercanthal distance and a narrower vertical PA as well as a wider facial contour compared to Caucasian subjects [2] . These differences in facial structures might be reflected in varied muscle attachments and, combined with a narrower PA, this might affect the blink mechanics and dynamics that were measured in this study. Consequently, volunteers of Oriental origin (very few in number) were excluded from the study.
Twenty-six ptosis patients (11 males and 15 females) and 45 healthy volunteers (14 males and 31 females), including the 25 healthy subjects from our previous study [13] were included in the present work. A comparative histogram of the probability distribution of values of the discriminant function was plotted and confirmed that there is no statistically significant difference between the genders.
All ptosis patients were awaiting surgical correction of their aponeurotic disinsertion ptosis and were recruited from the oculoplastic service at Moorfields Eye Hospital NHS Foundation Trust. Ptosis patients ranged from age 22 to 84 (mean of 52) years, and the control range was 25-67 years (mean of 41) (detailed breakdown of the different ptosis conditions are supplied in the electronic supplementary material, S1). Seven additional subjects (one male and six females) were not used for primary mathematical modelling, but were used retrospectively to assess for reliability of the derived model. Control data were collected using two different cameras, with frame rates of 500 fps and 600 fps measurements taken every 5 ms-to give an effective frame rate of 200 fps, as in our previous study [13] . Subsequently, smooth curves were fitted to the raw data to ensure that differences in the collection protocol had a negligible effect on the results.
Protocols
The present protocol followed the previously described principles introduced for analysis of blink dynamics using high-speed camera images [13] , with only minor differences in the equipment used and analytical techniques. Ptosis patients, who agreed to participate in this study, had their blinking recorded by a high-speed camera and all participants were briefed before filming, explaining what would be measured and how it would be accomplished. After filming, the patients had their ocular surface examined and key oculoplastic measurements were taken manually-namely, vertical PA; the maximum excursion of the upper eyelid margin in millimetres ('LF'); and 'margin-reflex distance' ('MRD'), the distance between the central corneal light reflex and upper eyelid margin in primary gaze. LF is the commonly employed standard for classifying LPS function, and the PA and MRD indicate the static severity of ptosis [1, 14, 15] .
Subjects were seated comfortably in a controlled hospital environment at room temperature (22.6 + 1.68C) and standard humidity (28.3 + 2.2%), with natural light (not directly shining on their faces). The high-speed camera was set-up at eye level in front of the subjects, and 12.3 s of high-speed recording of voluntary blinking was taken for each patient with a monochrome Photron Ultima APX12 K Camera (Photron-Europe Limited, Buckinghamshire, UK), operating at 500 fps with full 1024 Â 1024 resolution; a total of 6144 frames per patient was recorded in 8 bit greyscale. The camera was mounted with a Nikon f/2.8 macro zoom lens with focal length of 24-85 mm. Subjects were asked to relax, look straight into the camera and blink as normally as possible; a brief pause prior to recording allowed the subjects to familiarize themselves and be as natural as possible. A verbal command was given before each blink was captured.
A desktop computer running Windows 7 operating system with the high-speed camera's default software (Photron FASTCAM Viewer v. 3.5.1.0) was used to capture the data, in real-time, and record it directly to an external hard-drive. All images were captured in RAW format and converted to TIFF, using the same software.
Method of analysis
Isolation of a complete blink (100% PA recovery) from each subject was attempted, it being considered a blink if their upper eyelid margin reached below 50% of the starting PA during the closure phase. Some subjects did not achieve 100% recovery, and were therefore analysed to the closest maximum percentage recovery. Only the affected eyes were considered in the ptosis patients and both eyes were included in the control group but were not treated as pairs. The PA in 71 subjects was measured using open source freeware ('ImageJ' software; W. Rasband, National Institute of Mental Health, USA), the PA being determined by calibrating the horizontal corneal diameter to a standard of 11.70 mm [16] and the central PA assessed in every frame of the recorded videos. The measurement started from the moment the upper eyelid rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20150932 descended and continued until the initial PA value was recovered, or until the eye ceased to open further. The resulting data were normalized to generate a comparable master curve (figures 1 and 2) in order to include patients with a range of PA measurements. Blink duration and peak blink speed were also analysed and compared to the control group. Blink frequency was not measured both because it is highly variable and also because this study focuses on voluntary blinking. Speeds were calculated as a magnitude from the upper lid excursion for each frame (that is, by a one-sided finite difference approximation). These results are presented in §3.1. Means and standard errors of the means were calculated for both groups.
Statistical analysis
The measured RAW data were fed into a program written in Mathematica (Wolfram Research Champaign, IL, USA) and investigated using Fisher's linear discriminant analysis and Gaussian classifiers.
As ptosis is often age-dependent as discussed in §3.3, this analysis has been carried out in several ways: (i) ptosis group versus control group (irrespective of age), data not shown.
(ii) Control subjects only-age 40 or over versus age below 40 ( §3.3). (iii) Ptosis group versus control group-patients of age 40 or over only ( §3.4). The cut-off point for the control group at age 40 was chosen to select the best age-match for our two study groups while maximizing the sample size: for age greater than or equal to 40, the mean control age became 51 years (with sample size of 22), compared to a mean age of 52 years for all 26 ptosis patients.
To model the eyelid motion in order to differentiate ptosis from controls, recreating the blinking profile was attempted. Key features of the PA versus time plot were separated into different parameters to fit a function to best represent these features (figure 3). These parameters include initial opening, time offset for closing, minimum opening, rapidity of closure, time offset for opening, rapidity of opening, time offset for slow opening, rapidity of slow opening and endpoint. Analysing the data were performed in order to allow Mathematica to characterize the ptotic blink dynamics and to determine whether they were different from the control group. For this reason, another group of subjects was gathered from Moorfields Eye Hospital to act as masked controls in a retrospective test of . PA and speed master curves for all controls. Two sets of normal subject's blinking: Kwon et al. [13] PA master curve is shown in grey and its respective speed is shown in yellow [13] . The PA master curve is shown in blue and its respective speed is shown in orange. Secondary axis for the speed master curve is on the right-hand side, measured in millimetres per second. The chart is plotted with mean + s.e.m. rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20150932 our model. In this study, we have used the five parameters detailed in the next section ( §2.5).
Coding
There are two main aspects to the Mathematica coding: extracting parameters from the data and analysing them statistically. The time trace for each blink was first normalized, with the maximum PA set to 100%, and then divided into five segments, as follows (figure 3):
(1) constant at the initial PA, PA start , from time 0 to t 1 ; (2) constant-velocity closure at a rate v 1 to the minimum PA, PA min , between t 1 and t 2 ; (3) constant at PA min from t 2 to t 3 ; (4) constant-velocity opening at a rate v 2 from t 3 to the switching time (to the next parameter; change of rate of opening) t 4 ; (5) smooth approach to full opening from t 4 to the end of the trace, PA(t)¼A þ B tanh(a(t 2 t 4 )).
The values of A and B were determined by the value of PA at t 4 and by the requirement that the PA should asymptotically tend to its final value PA end and the best fit of this piece-wise smooth function was determined for each time trace by using Mathematica's NonlinearModelFit function. The fitted parameters were PA start, PA end .
, t open which is defined similarly to t close as the time at which the PA would reach (PA min þ PA end )/2 at a rate v 2 , and t 4 , the switching time. The value of PA min was not used as a fitting parameter, but was set to the observed minimum percentage PA. The fitted parameters characterize the time trace, but in order to remove any constant offsets from the time traces the five quantities that were used for further analysis were v 1 , v 2 , a, T 1 ¼ (t open 2 t close ) and T 2 ¼ (t 4 2 t open ). The measured value of PA min was also taken into consideration, as it was observed that while healthy eyes were all able to close fully, some ptotic eyes could not: cases with full closure were analysed separately from those with partial closure.
The initial analysis was to assemble a linear combination of the five quantities described above which best distinguishes between ptotic and healthy eyelids, and this was done using the Fisher linear discriminant procedure [17] , which maximizes the ratio of 'between-class' and 'within-class' variances; this finds the best plane in the five-dimensional space of the parameters for separating the classes. Although this revealed a fair ability to separate the classes, it also showed that ptotic eyelids have much larger variances in the parameters than healthy eyelids-this implying that better results could be expected with a curved (rather than planar) surface separating the classes. This latter was achieved by using a Gaussian classifier that involves calculating the means (m c ) and covariance matrices (s c ) for each class (c) and then assigning an eye with parameters x to class c with a probability.
ð2:1Þ
In the above expression, as is conventional, jj denotes a determinant and a superscript T denotes a transposed vector. Note that this assumes equal prior probabilities for all classes-that is, before any measurements are taken any eye is assumed to be equally likely to be healthy or ptotic. These measurements were made during the high-speed camera image analysis rather than being actual measurements on the volunteers. The PA master curve is shown in figures 1 and 2 for controls and ptosis patients.
Total blink durations were calculated from the start of upper eyelid descent until maximum recovery in each isolated blink in ptosis and the control subjects. Only 14/131 eyes did not achieve 100% recovery, of which three were from ptosis patients. The incompletely recovered blinks have a mean of 96.8% recovery, ranging from 79 to 99.7% across all subjects. Ptosis patients have average blink duration of 560 + 50 ms (s.e.m.), greater than that of the control group; 530 + 22 ms (s.e.m.) of the controls. However, while there was a trend for blinking duration in ptosis patients to be greater than controls, the data were not significantly different ( p ¼ 0.28). A summary is presented in table 1, together with the peak speed achieved in ptosis and in control patients. Figures 1 and 2 show how the normalized PA changed over time, with the average speed overlay. They both share similar key features such as a rapid decrease in PA and then a slower and distinctively two-stage opening phase-after which they reach approximately 97% recovery, in agreement with Kwon et al. [13] . The speed master curve exhibits two parabolic curves; one for the closing phase and the other one for the opening phase. In comparison, ptosis patients have very similar upper eyelid closure acceleration to the control group, with peak speed at near-mid closing and then decelerating until reaching their full closure. However, the initial opening speed (second parabolic speed curve) seems to have ), with a significance of 0.79; thus, the null hypothesis of there being no difference between the two peak speed means was confirmed. The speed of blink was then considered as two components in each subject: the closing phase and the opening phase (figure 4). During the closing phase, the peak speed in controls ranges from 130 to 480 ), compared to the ptosis group ranging from 50 to 375 (mean of 160 + 14 mm s 21 ; mean + s.e.m.); figures were rounded to the nearest integer. These findings might suggest that altered intrinsic LPS muscle function has a role in the development of acquired ptosis, rather than dehiscence of the LPS from the tarsal plate, and might explain the long-observed feature of reduced eyelid excursion in acquired ptosis. However, the above s.e.m. values of the ptosis group were insignificant compared to controls. While it was expected that the closing phase would always achieve higher speed than the opening phase, a small number of ptosis patients (4/26) achieved a faster upper eyelid opening speed than closing. The reasons for this are unclear, but these data might suggest a more widespread motor dysfunction, extending to orbicularis function, presenting in patients with ptosis.
Distinctive two-stage recovery
A characteristic two-staged PA recovery was observed in each individual PA versus time graph, indicated as 'switch point' in figure 3 . The outcome of the Mathematica model was greatly improved after this parameter was introduced, compared to the beta tests without this 'switch point'. One possible explanation for this phenomenon may be the extensive internal connective tissues and the activation of different muscle fibres in the extraocular muscles. The LPS muscle consists of a mixture of muscle fibres with fast-twitch fibres similar to those seen in the global layer of the extraocular muscles and also unique slow-twitch fibre types. The singly innervated global/slow type accounts for about a third of this layer and has a high mitochondrial content and has a high fatigue resistance. The global/fast type, on the other hand, has a low mitochondrial content with low fatigue resistance [18] . These muscle fibres subtypes work in parallel with different functional properties, and this might explain the distinctive two-staged recovery during the opening phase of a blink.
The curved traces of the PA versus time graph during the initial closing and the latter opening phase is likely to be due to the muscle architecture. Most muscle fibres are short and do not extend to the tendons [19] . The myofibres in each muscle are concentrated in the mid-section and decrease in density as they approach their insertions, contributing to the nonlinear contraction properties in the PA versus time graphs.
The effect of age
It was necessary to explore the possibility that the results of the present study are merely age-related effects rather than a true difference between the controls and the affected eyelids.
All normalized PAversus time graphs for the control subjects were plotted with their respective speed plot over-laid. All parameters were calculated and full details are provided in the electronic supplementary material, S2. When the functions were applied to the individual eyelids, in order to have the best fit, some did not start at 100% due to the stepwise fitting of an initial constant PA followed by closing at a speed v 1 , the rate at which the upper eyelid descends; an example of the fitting can be seen in figure 3 . For example, in the electronic supplementary material, S2, subject ID 2C4 [left eyelid, LE], 2C33 [LE and right eyelid, RE] did not start at 100%, and it was noted that 63% of these subjects also have incomplete closure. rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20150932
These data were analysed using LDA and before being separated into their respective age groups (greater than or equal to 40 and less than 40), there were some major overlaps. However, there was an obvious separation of the two means when divided into two groups (figure 5). Mahalanobis distance was used as the discriminant to measure how many standard deviations a data point is away from the mean of the distribution in a multidimensional space; the closer the distance to the centre of distribution, the more likely it is to belong to that class. The function used to describe this distance is defined as ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
Symbols were defined before in equation (2.1).
A significantly large separation between the means of the two groups (figure 5) shows that age is a factor in blinking dynamics and that it would be appropriate to conduct further analysis with a group of controls selected to age-match the patients suffering from ptosis.
Ptosis versus control
It has been shown that age is a factor in blink dynamics and, to remove this effect in further analysis, we compared the ptosis group with the control subjects aged greater than or equal to 40. Using the same parameters as described above, all the PA versus time curves were reconstructed for all ptosis patients and the selected control subjects and the key features extracted (figure 6). The value of the minimum is only included if the eye closure was not complete. The start and end percentages were not included because they are not really shape parameters (full details are presented in the electronic supplementary material, S3).
The three-dimensional display (figure 6) was reduced to generate figure 7. There is a clear difference between the class means, but there are still overlaps in the middle portion. A probability-based discriminant was used to differentiate between the two classes, because the data are differently spread in the classes. Therefore, a dividing curve that curls around the class that is less widely spread out is better to separate the two of them: a linear discriminant function leading to a planar separation was inadequate in this case.
A slower rate of eye opening in ptosis patients compared to controls, characterized by v 2 was observed and therefore a more quantitative measurement was sought. A histogram was generated for comparison of the v 2 parameter between the ptosis patients (mean of 0.87 with the variance of 0.108), and controls (mean of 1.01 with the variance of 0.057). Figure 8 demonstrates a heavy overlap between the two sets of data but Mann-Whitney tests have revealed a significant difference in the mean at the p ¼ 0.005 level. Although this might serve as an indicator for distinguishing ptosis from Figure 6 . Three-dimensional discriminant display of the parameter used for ptosis (all ages; green) and controls (greater than or equal to 40 year-old; orange). v 1 , v 2, t open and t close are defined in text ( §2.5). The value of PA min is neglected as it does not have much significance, as the real value of the minimum is often at a cusp. Also the start and end % were not considered because they are not really shape parameters. rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20150932 controls, one must note that this is just one of the features used in the discriminant process and would not be sufficient for diagnostic purposes. This analysis gives us a model to discriminate ptosis from normal cases and this dataset constituted the 'learning' set of data. The discriminant can be applied to a new set of untested subjects, and hence a further test-set of seven additional subjects was acquired to investigate the robustness of the procedure (table 2) .
In Table 2 . Probability test for the seven additional test subjects (in two decimal places). This group of subjects has all been assumed to have ptosis for the purpose of this exercise and after applying our model on Mathematica, four out of six eyes were correctly considered ptotic; 10 cases were considered normal of which, three cases were misclassified. Correct prediction from the model was represented by tick marks on the right and misclassification by cross marks. 
ID
Future developments
Our model failed to diagnose the one instance of ptosis caused by trauma, having predicted 0% probability for ptosis for case 1-6 [RE] (table 2) . It might also be insensitive to weakness and atrophy of ocular muscles from myopathies or paralysis. With more sophistication, this model has the potential to predict specific causations of ptosis with relatively good accuracy. On the other hand, the type of blinking captured in the high-speed recordings may be a factor. It is possible that even clinically diagnosed ptosis patients may have some aspect of blinking dynamics that are comparable to controls. This is an aspect that could be investigated further.
On fitting models, not all PA versus time curves have been matched as tightly as they could be. For example in figure 9 , the starting point has been replaced by a kink in a piece-wise linear function, but the original trace has a smoother shape. Similarly, some curvature was seen in a small section just before full closure and at the beginning of the opening phase. For future improvements, a function could be designed with extra parameters that could also capture these minute, but possibly significant features. Furthermore, we could introduce the severity of the ptosis as an extra parameter to improve the 'learning' in the present model.
Conclusion
Resting maximum PAs in ptosis patients were significantly lower than those of controls and ptosis patients also had a greater range of PA (1.15-10.45 mm, compared with 6.29-12.78 mm in controls). The average duration of a single blink in ptosis patients was 560 + 24 ms (s.e.m.), a small but statistically insignificant increase from the 530 + 22 ms (s.e.m.) of the controls.
The speed master curve in control subjects exhibit two -parabolic curves; one for the closing phase and the other for the opening phase, with the peak speed of 260.0 + 8.5 mm s 21 (s.e.m.). However in ptosis patients, this curvature during the initial opening phase was reduced, demonstrating a much lower rate of recovery during opening phase. The speed curve in the PA versus time plot could also be the combined effect of LPS, Mü ller's muscle, frontalis muscle and other accessory muscles. Therefore, a reduced rate of opening/acceleration at the initial opening phase was observed. Peak speeds were found to be 258.7 + 13.7 mm s 21 (s.e.m.), both peak speed and range were very similar between the two groups. Not all subjects achieved higher closing speeds when compared with opening: four subjects, all with ptosis, had faster opening of the upper eyelid-all within the first 50 ms after opening phase was initiated. The analysis in this study showed a significant separation in PA between the control subjects of age greater than or equal to 40 and those less than 40. Recognizing that age is a factor statistically, the ptosis group was compared with the control with subjects aged greater than or equal to 40. Using some of the key features of the blinking profile, PA versus time curves were reconstructed for each subject. A model was generated using these data and was able to discriminate ptosis from a set of data with good accuracy.
An additional seven subjects (14 eyes) were used to test the model's robustness and achieved 11/14 (80%) successful predictions, discriminating ptosis from controls. At present, this model is not sensitive to traumatic ptosis, nor is it sensitive to weakness and atrophy of ocular muscles from myopathies or paralysis. In future developments of this model, it would be beneficial to add more ptosis and control cases into the learning dataset and thereby improve accuracy.
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